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introduction

The following is the final report of research performed for the
Gamma and Cosmic Ray Astrophysics Branch, Space Science Division,
Naval Research Laboratory under contract number N00014-84-C-2089.
The work was performed by Severn Communications Corporation,
Severna Park, Maryland from 28 Feb 1984 through 28 Mar 1985. The
principal investigator in this effort was Dr. John R. Letaw.

The research results of this contract are contained in reports
and publications appearing during the period of performance
of this contract, and in the months following. Papers referenced
in this report are contained in Appendices at the end.
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Statement of Work

Background:

The Gamma and Cosmic Ray Astrophysics Branch of the Space Science
Division plans to extend the current work on the atmospheric
radiation environment and to contract the Severn Communications
Corporation for the continuing employment of Dr. John R. Letaw as
the on-site contractor scientist.

Scope:

The contractor shall provide 12 man-months of on-site technical
service to the Space Science Division in the area of radiation
effects in the atmosphere from cosmic ray components. The contractor
will have the use of the NRL library and computer facilties
including the VAX at Space Science Division.

Tasks:

1. Conduct a literature search to determine the current knowledge
of the effect of atmospheric radiation components on semi-
conductor materials at various air depths. Emphasis shall
be placed on the production of secondary particles and their
interactions with matter.

2. Improve propagation and cross section codes for more reliable
estimation of the radiation components from cosmic ray nuclei.

3. Calculate the cosmic ray fluxes and LET spectra as a function
of zenith and azimuthal angles for various geomagnetic latitudes
at depths below 50,000 feet.

4. Estimate the neutron fluxes and related LET spectra due to their
interactions with matter.
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Survey of Atmospheric Radiation Components

Our analysis of atmospheric radiation components showed several
sources of radiation which can be of imnportance in causing
single event upsets. These are:

1) Heavy Ions
2) Neutrons
3) Cosmic Ray Protons
4) Secondary Protons
5) Pions
6) Muons

Our survey of these radiation components is presented in the
paper "Neutron Generated Single Event Upsets in the Atmosphere."
We find that devices are affected by the radiation components
in the order specified.

Heavy ions are the most important cause of SEUs at high altitudes
(above 50,000 feet). The heavy ions are rapidly attenuated
in the atmosphere by nuclear fragmentation collisions with nitrogen
and oxygen nuclei. The resulting fragmentation products include
many neutrons and secondary protons. Neutrons are the main cause
of SEUs (from atmospheric radiation components) between sea
level and 50,000 feet. Pions make only a small contribution

*. to the upset rate.

In very sensitive devices, capable of being affected by minimum
ionizing particles, the outlook is slightly different. In this
case, at high altitudes protons are the dominant source of upsets.
Below about 20,000 feet muons dominate the upset rate.

rACCesion 
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Improvement of Propagation Codes and Cross Sections

Over the duration of this contract several major improvements
in propagation codes were completed. These were:

1) Increasing the modularity of code resources allowing for more
versatility in application.

k2) Development of routines for studying propagation of cosmic
rays through virtually an material.

3) Development of a treatment of fragmentation cross sections
of heavy nuclei.

4) Estimation of error correlations in cosmic ray propagation.

5) Evaluation of inhomogenity in target media and its affects
on electron capture isotopes.

The first two accomplishments were validated in several applications.
Calculations of fragmentation of Kr and Ho beams in water and
CR-39 were performed and delivered to Dr. James H. Adams for
comparison with his measurements. Calculations of cosmic ray
propagation in the lunar regolith were reported in "Radiation
Transport of Cosmic Rays in Lunar Material and Cosmic Ray Doses."

An improvement to Karol's soft spheres model of nuclear reaction
cross sections (P.J. Karol, Phys. Rev. C, 11, 1203 (1975)) has
been developed for use in estimating total inelastic cross sections
in nucleus-nucleus cross sections. This work has been discussed
in "Non-Geometric Behavior of Nucleus-Nucleus Total Inelastic
Cross Sections" . Using these cross sections and the NRL semiempirical
formulas (YIELDX and SCALAR) allows estimates of fragmentation
parameters for cosmic rays in any material to be computed and
normalized to be consistent with overall fragmentation probability.

Error correlations were discussed in preliminary form in "Uncer-
tainties in Cosmic Ray Composition." A talk on this subject
was presented at the 1984 American Astronomical Society Meeting.
Further details are to be presented in the Proceedings of the
19th International Cosmic Ray Conference (Summer, 1985).

Electron capture decay has been reviewed in "Electron Capture
Decay of Cosmic Rays" to be published in Fall, 1985 in Astrophysics
and Space Science. Within this paper we demonstrated that electron
capture decay is an important factor in the intergalactic propagation
of ultraheavy cosmic rays. Elemental abundances of several
rare earth elements can vary by factors of two or three if electron
capture decay occurs. In addition, there are several isotopes
occuring in cosmic rays whose abundances are dependent on density
inhomogeneities in the interstellar medium.
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Cosmic Ray Heavy Ions Below 50,000 Feet

Our results on this task are discussed in detail in "Cosmic
Ray Heavy Ions at and above 40,000 Feet." In this work, results
for cosmic ray heavy ions in the atmosphere which were reported in
the Final Report on NRL contract number N00014-83-C-2042 have been
extended down to 40,000 feet altitude. At this level it was
found that neutrons are the dominant cause of single event upsets
in most microcircuits.

Neutron Generated Single Event Upsets in the Atmosphere

Our results on this task are discussed in detail in "Neutro-
n-Generated Upsets in Shielded Computer Components." In this
paper we demonstrate the importance of heavy ion secondaries
emanating from high energy neutron collisions in silicon. These
secondaries have been neglected in previous treatments of neutron
generated upsets. Energy deposition rates for high energy neutrons
were computed.

A simple model of neutrons in the atmosphere was defined based on
measurements and Monte Carlo nuclear transport codes. This model
was a function of altitude, geomagnetic cutoff, and phase in the
solar cycle. Combined with energy deposition curves, some estimates
of single event upset rates were made.
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List of Papers, Reports and Summaries

The following papers were written during the contract period:

"Electron Capture Decay of Cosmic Rays," (to appear in Astrophysics
and Space Science, November, 1985)

"Cosmic-Ray Heavy Ions at and Above 40,000 Feet," IEEE Transactions
on Nuclear Science, NS-31, 1066 (1984)

"Neutron-Generated Upsets in Shielded Computer Components," IEEE
Transactions on Nuclear Science, NS-31, 1183 (1984)

"Nuclear Cross Sections, Cosmic Ray Propagation and Source Com-
position," (to appear in NATO Advanced Studies Series, ed. M.M.-
Shapiro, Reidel Publishing Company, Dordrecht, Holland, 1985)

"Radiation Transport of Cosmic Ray Nuclei in Lunar Material and
Radiation Doses," Proceedings of the Symposium on Lunar Bases and4 Space Activities (1984, in press)
"Non-Geometric

"No-GemeticBehavior of Nucleus-Nucleus Total Inelastic Cross
Sections," (unpublished).

"Environmental Models for Single Event Upset Estimation, " Proceedings
of the Spacecraft Anomalies Conference, 274 (1984)

"Late Stage in Acceleration of Cosmic Rays," Bulletin of the American
Physical Society, 29, 735 (1984)

"Ultraheavy Cosmic Rays and Electron Capture Decay," Bulletin of
the American Physical Society, 29, 735 (1984)

"Uncertainties in Cosmic Ray Source Composition," Bulletin of the

American Astronomical Society, 16, 448 (1984)

The following papers were completed and appeared in published form:

"Propagation of Heavy Cosmic Ray Nuclei," Astrophysical Journal
Supplements, 56, 369 (1984)

"On the Abundances of Ultraheavy Cosmic Rays," Astrophysical Journal,

279, 144 (1984)

"Radiation Doses and LET Distributions of Cosmic Rays," Radiation
Research, 98, 209 (1984)

"LET-Distributions and Doses of HZE RadiationComponents at Near-Earth
Orbits," Advances in Space Research, 4, 143 (1984)

*n * III III III
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List of Conferences Attended

Spring Meeting of the American Physical Society, Crystal City,
Virginia, 24-27 April 1984.

Presented a paper entitled "Ultraheavy Cosmic Rays and
Electron Cpature Decay"

164th Meeting of the American Astronomical Society, Baltimore,
Maryland, 10-13 June 1984.

Presented a paper entitled "Uncertainties in Cosmic Ray Source
Composition"

Spacecraft Anomalies Conference, Colorado Springs, Colorado, 30-31
October 1984.

Presented a paper entitled "Environmental Models for Single
Event Upset Estimation"

Neutral Particle Beams Lethality/Emissions Computer Codes Workshop,
Air Force Weapons Laboratory, Albuquerque, New Mexico, 1 November
1984.

Presented a paper entitled "NRL Energy Deposition Codes"

Third Annual DOD/DOE/NASA Symposium on Single Event Effects, Los
Angeles, California, 5-6 March 1985.

Presented a paper entitled "Single Event Upsets in Fractional
Orbits"

i
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R. Silberberg and C.H. Tsao
E.O. Ilulburt CenterI. Naval Research Laboratory
Washington, DC 20375
J. R. Letaw
Severn Communications Corporation

Severna Park, MD 21146

ABSTRACT. Most cosmic rays with atomic number Z > 6 suffer nuclear
collisions in the interstellar gas, with transformation of nuclear
composition. The isotopic and elemental source composition has to be
inferred from the observed composition near the earth. The uncertainty
in the inferred source composition is largely due to uncertainties in
cross sections--especially for nuclides that have large secondary

2.. components. These uncertainties will be explored by comparing the
calculated and observed abundances of the secondary components. A
precise knowledge of nuclear cross sections is essential for unraveling) the parameters of cosmic ray propagation: the mean path length
traversed and its energy dependence, the distribution function of path
lengths, the confinement time of Cosmic rays in the galaxy, and
acceleration after fragmentation. Various models of cosmic ray
propagation will be critically explored.

1. INTRODUCTION

4.. The majority of cosmic ray nuclei heavier than helium have suffered
nuclear collisions in the interstellar medium. These collisions alter
the cosmic ray composition and mask the source composition.
Determination of the source composition is always difficult and often
hopeless because we have limited data on cross sections. On the other
hand, the effects of nuclear spallation and the time-dependence of
nuclear decay provide valuable information on the propagation and
acceleration of cosmic rays, the confinement time in the Galaxy, and
the nature of the interstellar medium.

To derive any useful information from data on cosmic ray
abundances, it is essential to know (or be able to estimate) the
nuclear fragmentation cross sections and reliably estimate their
errors. The partial cross sections give the probability of a given

a'. incident nuclide to yield a given product nuclide upon collision with
some target such as a proton. The total fragmentation cross section
yields the overall probability for a change in the mass or charge of

the incident nuclide. In this lecture I will discuss the problems of

A-20



2v' -'~'* ~ ,- 7~y'' -r- - -----

determining cosmic ray source composition and the nature of
propagation in the Galaxy. Special emphasis will be placed on the

-. importance of nuclear cross sections in understanding these problems.
Some of the current lectures here are closely related to the

present lecture: Dr. Lund has discussed the cosmic ray abundances,
both at the source, and near the earth, especially those of the HEAO-3
French-Danish collaboration. Professor Wvolfendale has explored the
interstellar medium, magnetic fields therein, associated cosmic ray
effects, and gamma ray production. Dr. Shapiro will soon discuss the
propagation, acceleration and age of cosmic rays, with special
emphasis on our recent hypothesis CSilberberg et al. 1983) of
distributed acceleration. According to this hypothesis, cosmic rays
after their principal acceleration and after appreciable fragmentation
undergo some additional acceleration in interstellar space, gaining a
factor of four in energy.

2. PRIMARY AND SECONDARY COSMIC RAYS

An inspection of Figure 1 demonstrates the need for cosmic ray
propagation calculations that explain and predict the large deviations
of cosmic ray abundances from the general stellar or galactic isotopic
and elemental abundances. Secondaries, such as Li, Be, and B, are far
more abundant in cosmic rays than in the solar system because they are
composed substantially of nuclear fragments of heavier elements (C, N,
and 0). The predominantly primary elements such as C, 0, Ne, Mg and
Si have small contributions of nuclear fragments but can show
appreciably different isotopic compositions.

The figure shows our early (Silberberg et al., 1976) calculated
isotopic abundances of the elements. The hatched columns give the
abundances at the sources obtained by iterative calculations. The -

white areas represent the surviving primary components and the black-
areas the secondary contribution from spallation reactions. Three
classes are discernible. The predominantly primary elements(C, 0, Ne,
Si, Mg, Fe, and marginally S) have a small (< 30%) contribution of
fragmentation products; these elements also have nearly the same
relative abundances (within a factor of four) as the solar system.
The predominantly secondary elements (Li, Be, P, F, P, Cl, K, Sc, Ti,.
V, and Mn) are composed of more than 80% nuclear fragments. Because
of inevitable uncertainties in propagation calculations, their source
abundances are indeterminate. The remaining nuclides (N, Na, Al, Ar,
and Ca) , have secondary contributions between 302 and 80;, hence their
source compositions are very difficult to determine. Errors are
extremely sensitive to uncertainty in the fragmentation cross
sections.

A-21
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ISOTOPIC ABUNDANCES OF COSMIC RAYS

(Arriving "C +C Normalized to 100)

9 AT SOURCES
18o f0 SURVIVING

1601 I ARRIVING
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Figure 1 The relative abundances of nuclides at cosmic ray sources
and near the earth. The arriving two isotopes of carbon arenormalized to 100. In the arriving columns, the secondaries and
surviving source components are shown separately.

Subsequent experimental work by many groups, reviewed by Lund,
agrees well with the predictions of Figure 1. When we (Tsao et al.,
1973) first presented such predictions, we pointed out that the
observed isotopic abundances will deviate from these calculations if
the isotopic composition at the sources deviates from that of the
general abundances and that such comparisons should yield significant
astrophysical information. We also pointed out then the possibility
of nucleosynthesis in a neutron-rich environment. The latter
statement was confirmed in subsequent experiments in which the
neutron-rich isotope Ne was found to be 4 times overabundant and 2 ?Ne2 5 Hg, 2 61-Vg, 2 9 Si and 3OSi about 1.6 times over-abundant at cosmic ray
sources.

A more up-to-date tabulation of the calculated cosmic ray isotopic
abundances is given in our paper Adams et al. (1981), for isotopes
from 6 Li to 6 Ni. Our comparisons of calculated and experimental
elemental abundances of cosmic rays with atomic numbers Z > 32 are
given by Letaw et al. (1984a).

A-22



4

3. COSMIC-RAY PROPAGATION EQUATION AND CHANGES IN COMPOSITION

The importance of nuclear transformations in understanding the
composition of cosmic rays was demonstrated in the previous section.
The procedures of cosmic ray propagation calculations have been
described by Ginzburg and Syrovatskii (1964), and the particular
methods used in our group by Letaw et al. (1984b).

For the traversal of an amount of matter x (g/cm 2 ), and without
consideration of decay of the long-lived radioactive isotopes, the
propagation equation is:

J Ji ( E ' x ) : " (E)Ji + N Oik(E) J, + W
ax )k>i - 3E ()(-(k +-o (1)

where Ji (x) is the flux of species i after propagating through an
amount of matter x, J.(o) is the source term, o is the total
inelastic cross section for nuclide of species i, k is the partial
cross section for production of species i from k, N is Avogadro's
number, A is the mean atomic weight of interstellar gas, and W .(E) is
the rate of ionization loss. 1

At medium and high energies this cosmic ray propagation equation
may be simplified to a set of coupled linear equations in one variable
of the form:

dJ.
dx1=-,ii j (2)

Energy appears in this equation only parametrically, not as an
independent variable. Equation 2 is solved by matrix methods, which
provides an efficient and powerful means of treating propagation,
including various path length distributions. These procedures can be
extended to treat ionization loss and solar modulation at energies
above a few hundred MeV/nucleon.

The solution to equation (2) is:
Ji (x) : ,[exp Yx3 ij 3Jj(0) (3)

J

where the exponential is defined by its power series expansion.
Taking into account the diffusion of particles, one notes that
different particles have different path lengths, with a path length

.)
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distribution, P(x), normalized so that

rw

f P(x)dx = 1 (4)
£

oJ

Then eq. 3 becomes:

P(5)
J= J dx P(x) [exp Mx], J,(0)

For an exponential path length distribution with mean path length

P(X) (6)

the integral of eq. 5 can be evaluated analytically, yielding:

J, [ - ,X]' J(O (7)

The solution is then obtained simply from a set of coupled linear
equations.

4. NUCLEAR CROSS SECTIONS

Nuclear transformations in cosmic ray collisions with the
interstellar gas is an important process in propagation. These
transformations involve two sets of physical quantities, the total
inelastic cross sections (y. and the partial cross sections U...

The simplest fit to the total inelastic cross section is ar= KA
where A is the mass number of the target nucleus. On geometrical
basie, 3 = 2/3, in a first order approximation. However, a correction
for nuclear transparency must be introduced; heavy nuclei are less
"transparent" to projectiles than light ones. This consideration
effectively raises the value of the exponent f3. The experimental

14"
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high-energy data (assuming that systematic errors in such data are

negligible) are fitted to within 2% by the relation:

a, = 45 A!"[1 + 0.016 sin(5.3 - 2.631n A) (8)

Letaw et al. (1983) found that a factor dependent on At provided an
improved fit to the data.

At energies below 2 GeV/nucleon the total inelastic cross section
varies with energy. (Also at very high energies, E > 100 GeV there is
a slight increase in cross sections with energy.) The energy

dependence of the total inelastic cross sections has certain
systematic similarities over the whole range of mass numbers A. The

total inelastic cross section decreases to a minimum (about 15% below
the high-energy value) at 200 MeV/nucleon. It then sharply increases

to a maximum at about 20 MeV/nucleon (60% above the high energy
value). Below this energy, resonance effects become dominant and the
cross section fluctuates rapidly with energy. An empirical formula
for Li and heavier nuclei at energies greater than 10 MeV/N is given
by Letaw, et al. (1983)

,= 45 A0" [1 + 0.016 sin(5.3 - 2.631n A,;] x1 (9)

[1 - 0.62 e"20sin(10.9 E-0 2 8)I mb

where A. is the mass number of nuclides of type i and E is the energy

in units of MeV/N.

100
p+ Fe 5 6 at E >3 GeV a, ePA

I0-

*Af V

b

o1 V

ar a'0 e- PA elZSA*TA
2 13

1 2

0. 30 40 50
A

Fig. 2. Illustration of the terms of Fudstam's (1966) spallation

equation. The calculated and experimental partial cross sections of
SFe into isotopes of Ar and V are compared.
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The partial inelastic cross sections . have systematic regularities
that permit the design of semi-empiricai equations. Rudstam (1966)
observed that there are systematic regularities among the relative
yields of nuclear reactions that depend on the mass difference of the
target and product nuclides and on the neutron-to-proton ratio of the
product nuclides. These relationships are illustrated in Figure 2,
which shows the spallation cross sections of Fe into various isotopes
of argon and vanadium, when iron nuclei are bombarded by protons having
energies of 3 GeV. The factor exp(-P"A) describes the diminution of
cross sections as the difference of target and product mass, AA,
increases. It is closely related to the distribution of excitation
energies discussed by Metropolis et al. (1958) in their Monte Carlo
study of nuclear spallation reactions. A large excitation energy
results in evaporation of many nucleons, i.e., in a large.IA. The
distribution of excitation energies peaks at small values,
correspondingly, the partial cros sections are larger for small values
of AA. The factor exp(-RIZ-SA+TA1 ) in Fig. 2 (with u 3/2)
describes the distribution of cross sections for the production of
various isotopes of an element of atomic number Z. This Gaussian-like
distribution is related to the statistical nature of the nuclear
evaporation process (Dostrovsky et al. 1958). The width of the
distribution of cross sections is represented by the parameter R. The
parameter S describes the location of the peaks of these distribution
curves for small values of the product mass number A. The parameter T
describes the shift of the distribution curves toward greater neutron
excess as the atomic number of the product increases. The equation
displayed in Fig. 2 and parameters thus are closely related to nuclear
systematics of the prompt intra-nuclear cascade and nuclear evaporation
processes. This is the reason why these relations provide a
surprisingly good fit to the experimental partial cross sections. In
addition, the numerical values of the parameters are obtained by
fitting to thousands of experimental data points. The parameters
Rudstam (1966) assigned to the equation (illustrated in Fig. 2) are
applicable to proton interactions with nuclei heavier than calcium,
except when the target-product mass difference is small or large, i.e.,
it is not applicable for AA < 5 and AA > 40.

The nuclear reaction systematics of spallation reactions are not
applicable to fission and fragmentation reactions, nor to the
evaporation of light product nuclei. We have developed a semiempirical
formula and associated parameters that are applicable for calculating
cross sections (in units of mb) of targets having mass numbers in the
range 9 < A. < 209 and products with 6 < A. < 200 at energies >100
MeV/N: - -

4 = of(A))f(E) e-" exp(-RZ - SAj + (10)

(Silberberg and Tsao 1973a, b, 1977a, b; Tsao and Silberberg 1979;
Tsao, Silberberg, and Letaw 1983).
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The parameters A, Z, P, R, S, T of eq. 10 are defined in the
previous paragraph.

In equation (10), U is a normalization factor. The factors f(A)
and f(E) apply only to products from heavy targets (with atomic number
Zt > 30), when AA is large, as in the case of fission, fragmentation,
and evaporation of light product nuclei. The parameter a is related to
the nuclear structure and number of particle-stable levels of a product
nuclide. The factor 17 depends on the pairing of protons and neutrons
in the product nucleus; it is larger for even-even nuclei. The
parameter f is introduced to represent the enhancement of light
evaporation products.

Eq. 10 is inapplicable to peripheral reactions, that have small
values of AA = A. - A.. For such reactions, a different equation was
constructed. A different equation was devised also for the heaviest
target elements, the actinides such as Th and U.

.

5. CROSS SECTION AND PROPAGATION ERRORS

As I mentioned previously, the uncertainty in cross sections is
usually the dominant source of error in cosmic ray propagation
calculations. The estimated cross section error at the one standard
deviation level is 35% for Z < 28 and 50 % for higher charges as stated
in our 1973 paper. These values have been reduced somewhat by
modifications to the original equations and parameters. The
implications of cross section errors for the cosmic ray propagation
problem have been brought into question by Hinshaw and Wiedenbeck
(1983). They showed that depending on the degree of correlation in the
cross section errors the source abundances of N, Na, Al, Ar, Ca, and
all secondary cosmic rays might be obscured.

To determine the extent of correlations in the semiempirical cross
section formulas we have taken an indirect approach through propagation
calculations. A bare-bones model of cosmic ray propagation would
assume solar system abundances at the source and an exponential
pathlength distribution with mean pathlength of about 5 g/cm . We have
performed this calculation at 4 GeV/nucleon and compared the results
with data from HEAO-3 in Figure 3. in this figure error bars were
calculated assuming totally correlated and totally uncorrelated cross
section errors. The fit is extremely good, in fact, it is so good that
a chi-square test shows there is only 1 chance in 5000 that such a good
fit would be obtained if the errors were totally correlated. The
assumption of 35p errors, uncorrelated, seems adequate to explain
deviations of this experiment from calculation.

4
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Further work with the 4 GeV/nucleon HEAO-3 data has led
to source abundances and propagation erroF6sin Table 1. Using
a rigidity dependence of pathlength A = R we found the best
fit value of A to be about 5.0. In 'erforming this calculation
only errors induced by partial cross sections were considered.

0.8

0.6-

0.4 -

7 0.2

X 0.0

I.

-5 -0.2 -

-0.4

-0.6 Be B P CI K Sc Ti V Cr Mn

-0.8

Fig. 3 A comparison of calculated and experimental abundances
of cosmic ray elements produced mainly by spallation. The thin
and thick error bars are based on assuming totally correlated
and totally uncorrelated errors in partial cross sections.
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TABLE 1
Calculated Source Abundances of Cosmic Ray Elements at 4 GeV/nucleon

Arriving Arriving
Element Source Abundance Abundance Primaries

Be <0.06 0.28 <0.04
B <0.20 0.72 <0.10
C 5.22 + 0.14 3.23 2.84
N 0.65 + 0.15 0.81 0.34
0 5.25 + 0.08 2.81 2.62

F <0.02 0.061 <0.01
Ne 0.91 + 0.04 0.57 0.42
Na 0.09 + 0.02 0.10 0.04
Mg 1.29 + 0.03 0.65 0.56
Al 0.13 + 0.02 0.10 0.05
Si 1.01 + 0.02 0.46 0.41
S 0.28 + 0.02 0.15 0.11

Cl <0.01 0.020 <0.003
Ar 0.03 + 0.01 0.039 0.010
K <0.01 0.020 <0.004

Ca 0.09 + 0.02 0.070 0.032
) Sc <0.01 0.012 <0.003

Ti <0.02 0.038 <0.005
V <0.01 0.016 <0.003

Cr <0.03 0.041 <0.010
Mn <0.02 0.033 <0.008

Fe 1.00 + 0.02 0.34 0.32

Dr. Lund has presented a lecture on the composition of cosmic rays,
the source composition and theoretical implications. Hence I shall
not dwell on this topic, but discuss instead the importance of cross

sections in the analysis of data on ultra-heavy cosmic ray nuclei.

6. EFFECT OF CROSS SECTIONS ON PROPAGATION OF ULTRAHEAVY COSMIC RAYS

Recent observations of cosmic rays in the charge range 36 < Z < 83
on HEAO 3 and Ariel 6 permit a comparison of experimental and
calculated abundances. The Ariel 6 results are given by Fowler et al.
(1981) and HEAO 3 results by Einns et al. (1982) and Waddington et al.
(1981), and papers published by the above authors in the late volume of
the 1983 Bangalore Cosmic Ray Conference. The experimental abundances
of the secondary elements 61 < Z < 75 were found to exceed those
obtained in propagation calculations.
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We explored whether the calculated cross sections of elements Pt
to Pb need revision. The recent measurements of Kaufman and Steinberg
(1980) for the spallation of 1 97 Au show a substantial increase in the
mass range 10 < A < 40 at 1 GeV, shown in
Figure 4. These new data have been incorporated into our
semiempirical cross section formulae (Tsao et al., 1983). The high
value of the cross sections at 1 GeV suggested that if propagation
occurred at 1 GeV per nucleon, and the cosmic rays subsequently
underwent an energy gain by a factor of 4, an improved fit to the data
would be obtained.

1850a oSpao tion of 1 9 TAu

20-

60-

102- ,, 1o 4

E (MeV)

Figure 4. The energy dependence of the spallation of Au into Tm, Lu
and Cs.

In Figure 5, from Letaw et al. (1984a) we compare the ultra heavy
abundances, Z > 33, with our propagation calculations. These are
based on: (1) adopting source abundances similar to solar system
abundances modified by a first ionization potential dependent
suppression of elements with a high ionization potential, FIP,
proportional to exp (-0.271) for 7 < I < 13.6 eV, and (2) an 2
exponential distribution of path lengths with a mean of 6 g/cm of
interstellar medium at 5 GeV per nucleon. We note that for Z < 56,
the fit to the data is good, after the FIP correction is applied,
while the calculated abundances for 61 < Z < 75 are too low. Fig. 6
shows the resulting calculations, using 2 the cross sections o 1 GeV) per nucleon and a path length of 9 g/cm , (the use of 6 g/cm at 1
GeV/u gives practically identical results for ultra-heavy nuclei).
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The improved fit, shown in Fig. 6,made us explore the associated
hypothesis of distributed acceleration of cosmic rays in greater
detail (Silberberg et al. 1983). The hypothesis does not imply
continuous acceleration. It could occur as a major initial pulse and
a minor late pulse. Dr. Shapiro will discuss several more tests of
this hypothesis.

- EXPERIMENT
..... SOLAR SYSTEM

-=SOLAR SYSTEM + FIP

0 10
- -I

S - L

0-

1z
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0.1 1111I11!' I i I
40 50 60 70 80

CHARGE

Figure 5 Comparison of experimental data and propagation calculations

composition, and the solid line includes a correction dependent on the

first ionization potential.

)i
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Figure 6 Comparison of experimental data and propagation calculations
carried out at 1 GeV per nucleon and 5 GeV per nucleon, respectively.

7. ELECTRON CAPTURE DECAY AND INHOMCGENEITY IN THE INTERSTELLAR MEDIUM

The electron capture decay mode of cosmic rays with Z < 30 is
strongly inhibited for cosmic rays moving at high energies > 500

4. MeV/N) in the tenuous interstellar medium. This nuclear reaction takes

place when a K-shell electron (or less likely an L-shell electron)

A-32
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interacts weakly in the nucleus transforming a proton into a neutron
with the emission of a neutrino. At high energies, even distant
encounters with the ISM efficiently strip electrons from light
nuclides. Therefore thg fractio2 of light nuclei with a single K-shell
electron is between 10 and 10-  and the effective decay rate is
reduced accordingly. (In addition to the statistical reduction because
fewer nuclides have bound electrons, there is a reduction by a factor
of 2 because there is only one available K-shell electron).

The decay of ultraheavy nuclides in cosmic rays, unlike that of
their lighter counterparts, is much less inhibited. At median cosmic
ray energies the decay rate may be reduced by as much as a factor of
10 . On the other hand, actinides are likely to have several attached
electrons (an important experimental consideration). The effective
charge and electron capture decay rate are very sensitive to charge and
energy. I discuss in this section a method for determining the
effective electron capture rate in cosmic rays and what we can learn
about the ISM by studying electron capture nuclides.

The rate equations describing electron capture reactions in cosmic
rays are:

dN/dt = -aN + sN*
dN*/dt = aN - sN* - eN* (11)

(The electron attachment rate is a, the electron stripping rate is
s, and the electron capture decay rate is e.) The stripping and
attachment rates have been studied by Crawford (1979) and others.
Solving for the ratio (N*/N) we find that it approaches

(N*/N)eq [ {(s-a+e)2 + 4asl _ (s-a+e))/2s (12)

at the rate

R* {(s-a+e)2 + Ias) 1/2 (13)

R* is always greater than the electron stripping rate 2which is very
fast, i.e., the mean free path never exceeds 0.2 g/cm and is usually
much less. The physics of cosmic ray 2propagation is governed by the
fragmentation mean free path (>1 g/cm ) and the escape mean free path
(-8 g/cm ). Cosmic rays therefore effectively maintain charge state
equilibrium so

d(N + N*)/dt = -e(N*/N)e(1 + (N*/N) (N + N*) (14)
eq eq

(other decay modes and fragmentation have been ignored). The
equilibrium charge when e = 0 is shown in Figure 7.

Electron capture nuclides are good for measuring energy and
density-dependent processes in the ISM. Consider the hypothesis of

Jdistributed acceleration: After most fragmentation in the ISM there is
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additional acceleration 2f abov a factgi of 4. This affects our
predictions of measured Ar, V, and Cr abundances. If most of
their confinement time is spent at 250 MeV/N rather than 1 GeV/N then
about half as much will arrive here because decay is less inhibited at
250 MeV/N. This could cause the observed deficiency in these nuclides
(Webber 1981) Pt 600 MeV/N (after adiabatic deceleration in the solar
system). These processes affect certain ultraheavy elemental
abundances at higher energies (Letaw, Silberberg, and Tsao 1985).

1 4

I0-

-5

10-3

01

) ,"
1.0

z

x
S

1 -2

.. 4
Za

Ld L

20 40 60 80 100

CHARGE

Fig. 7. The equilibrium charge ratio (N*/N) of ions in interstellar
medium. When this ratio is greater than 1.0 there is appreciable
multiple electron attachment. The ratio (N/N) nearly equals xA.
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The mean density of the ISM in the galactic disk is about I atom/cm
3

and the muon density along the cosmic ray path is about 0,3
atom/cm3 . Although most studies of cosmic ray composition have assumed
that the medium of propagation is homogeneous, in fact this cannot be
so. The ISM is compssed of occasional clouds having central densities
of about 350 atoms/cm distributed in a very tenous ISM (about 0.003
atoms/cm ). There are, so far, no observed consequences of this
inhomogeneity, but abundances of some electron captu§5 nuclides are
affected. In a cloud, a long-lived nuclide such as Mo decays slowly
because the time between stripping collisions is very short. In the
tenuous phase of the ISM decay is again slow because very few
attachment (or stripping) reactions take place. Figure 8 shows the
surviving fraction of Mo as a function of energy for several
two-component models of the ISM. The nuclide 4"Ti provides another
suitable test (Letaw et al., 1985).

1.0

93Mo

oM0.8
z
0

<0.6 I) L. nH =50

5; 0.4

Co HOMOGENEOUS

0.2-iI -
50 100 500 1000 5000

ENERGY (MeV/nucleon)

%93

{:; Fig. 8. The fraction of 9Mo that survives as a function energy for
two-component models with various matter densities in clouds.

We conclude this section by noting that electron capture nuclides
can be a useful diagnostic of the ISM even though little observational
evidence is presently available. Abundances of these nuclides depend
both on the energy during propagation and the density distribution of
the propagation medium. In the future we expect to draw useful
conclusions from ultraheavy elemental abundance measurements around Z
40 using electron capture information.

A-35

'aN



1 7

8. COSMIC RAY PROPAGATION

The simplest model - the leaky box - describes most features of
cosmic-ray propagation and permits the associated calculations to
reproduce most cosmic-ray abundances. In this model the cosmic rays
are considered to be confined to a volume from which they eventually
escape by diffusion. (Escape by convection is also possible). The
nature of the leaky box is not yet established. It could be the
galactic disk with a radio halo of modest dimensions - about I Kpc in
half thickness. Or there could be a cosmic ray halo of larger
dimensions, about 10 Kpc, as Ginzburg has many times proposed (e.g.
Ginzburg and Syrovatskii, 1965). On the other hand, the leaky box
could be much smaller and more local - a superbubble in which the solar
system is imbedded - with a diameter roughly a couple of hundred
parsecs. Kafatos (1981) and Streitmatter et al. (1983) have applied
the superbubble model to cosmic ray propagation. In the latter model,
cosmic rays are reflected at the walls of the superbubble, and some
traversal of matter would occur during these encounters.

Data that could help to distinguish between the above models are
required. Would the gamma ray flux from cosmic ray interactions in the
walls or shells of the superbubble help to distinguish between the
superbubble and galactic models? Gamma ray data show that the cosmic
ray density in the local galactic neighborhood is not especially high -
how large an enhancement is needed for the superbubble model? Wit%44
nucl~lynthesis from numerous supernovae in the superbubble, some Pu
and Cm would be expected to be observed in future experiments when
over a 100 actinides get recorded.

In the leaky box model, the energy dependence of the
secondary-to-primary ratios is usually interpreted as due to
rigidity-dependent diffusion from the confinement region, with the
confinement time Tr -R , where b is 0.4 to 0.7. Higher energy
particles accordingly are considered to leak out more readily, and have
smaller secondary-to-primary ratios.

There is some evidence that the simple leaky box does not describe
all observaTions. The very small energy dependence of the anisotropy
between 10 and 10 eV, after correcting for the Compton-Getting
anisotropy is difficult to explain in terms of a rigidity dependent
confinement time. (The anisotropy is discussed in my second paper at
this School.) 3 The large path length required for the production of p
and possibly He implies that some modification of the simple leaky box
picture is required. There are two alternative ways to amend the leaky
box: (1) introduce density fluctuations and nested leaky boxes that
contain cosmic ray sources within the leaky box or (2) introduce an
outer confinement volume. The first modification is associated with
the observations of interstellar clouds and supernovae in young OB
stellar associations. The second picture considers e.g. superbubbles
as the basic leaky box, with the Galaxy (possibly including the halo as
the outer confinement box. A more complicated picture, with a 3-fold
confinement volume, has been proposed by Stephens (1981a).
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The first alternative - the Multiple Cloud Model - was proposed by
Silberberg et al. (1983a) which incorporates the nested source leaky
box of Cowsik and Wilson (1973, 1975). The model is related to
observations of the interstellar medium by adoption of the 3-component
interstellar medium of Blandford and Ostriker (1980), and the
association of gamma-ray sources and OB stellar associations with
clouds, explored by Montmerle (1979).

Since the clouds provide a medium for nuclear interactions, the
observational tests rely on information derived from the interaction
products. The energy dependence of the secondary to primary ratios
(3 < Z < 5)/(6 < Z < 8) and (17 < Z < 25)/(Z = 26) provides such

testTs. Our paper on-High-Energy Cosmic Rays at this school shows the
energy dependence of B/C for three models: the closed galaxy of Peters
and Westergaard (1977), the Multiple Cloud Model (MCM) and the Leaky
Box Model (LBM). The energy dependence of the 2/C ratio thus provides
a test between the models. A second test has been outlined in section
7 above.

A further experimental test between the MCM and LBM is provided by
the surviving fraction of radioactive secondary nuclei "°Le, 26 Al and3 6C1. In the KCM the confinement time is IO7*1 ears,for the LBM
92del, T - Fro for R > 4 GV/c. The fractions Be/Ee, '6Al/Al and

Cl/Cl are shown in Fig. 9 as a function of energy/nucleon. The
decrease of 26Al/Al at high energy is due to the decrease of secondary
Al relative to primary Al.

The high abundance of antiprotons can be explained in terms of the 2
MCM by postulating source regions where cosmic rays traverse > 30 g/cm
materials so that p, p and a sizeable fraction of helium nuclei excape,
while very few of the heavier nuclei do. Such an origin of the
antiprotons has already been proposed by Cowsik and Gaisser (1981) and
Cesarsky and Montmerle (1981).

The second alternative picture--cosmic ray confinement in a
superbubble-has been explored briefly by Kafatos et al. (1981), and
Streitmatter et al. (1983), and Clayton (1984). Stephens (1981b) has
pointed out some significant constraints for this model: Acceleration
during encounters with the shock wave walls of the bubble must not
result in significant acceleration - the ratios of secondary/primary
cosmic rays that decrease with energy are not consistent with continued
acceleration of particles. However, we consider it plausible that the
shock waves of successive supernovae, prior to reaching the bubble
walls may accelerate energetic particles emitted by flare stars up to
the energies of cosmic ray particles. While the production of
anti-protons has not been explored in terms of the superbubble picture,
we think that one should explore whether they could be understood from
an evolutionary point of view: The superbubble started out with
supernova explosions in young OB associations with dense clouds in
which extensive traversal of matter by cosmic rays took place prior to
the dissipation of these clouds. It is not clear, however, whether the
small energy dependence of anisotropy and the large one of the
secondary/primary ratios can be reconciled in this model.
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Fig. 9. The ratios 10Be/Be, 26 A/AI and 36CI/Cl vs. energy for the
multiple cloud model (solid curve) and leaky box model (dashed curve).

). A more complicated version of the superbubble picture postulates a

second confinement volume (Galactic) outside the superbubble. This
model is being explored by Lund. With the assumption of very slow
leakage from the second or outer confinement volume, i.e. long path
lengths, the antiprotons can be attributed to diffusion into the

superbubble from the outer regions.
The expected electron flux and energy spectrum in the superbubble

needs further exploration to test the viability of the model. The
electron flux in the galaxy can be estimated from the Galactic radio
spectrum and magnetic field strength. In a superbubble, the cosmic ray
flux should differ from that outside. Is the electron flux in the
superbubble model different from various directions of the Galaxy? If
a long residence time is assumed outside the superbubble, synchrotron
losses would steepen the electron spectrum at lower energy. Is the
Galactic electron spectrum derived from the radio emission consistent
with a longer residence time? These questions demonstrate that much
interesting research can be carried out on propagation of cosmic rays

in the future.
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Environmental Models for Single Event Upset Estimation

John R. Letaw
Severn Communications Corporation

P.O. Box 544
Severna Park, MD 21146

1. Introduction

Cosmic ray physics and the associated problem of high enerqy ion
transport have found many important applications in recent years
(Fig. 1). These include particle radiation damage to materials,
particle beam weapons, radiation dosimetry, radiomedicine, and
background in scientific instruments. In space, where particle
intensities are great, the natural particle environment is hostile
to electronic systems and life.

In this talk we are concerned with the causes of single event upsets
(SEUs) in space. These upsets occur in microelectronics when a single
ionizing particle passes through sensitive circuitry depositing
thousands of electron/hole pairs. Collection of these charges may
result in bit flips, latchup, or logical errors. If these errors go
uncorrected there is significant potential for spacecraft failure.
We have heard some discussion of these failures in this conference.

The procedure we use for estimation of single event upsets is divided
into five parts (Fig. 2):

1. Incident particle flux specification
2. Geomagnetic field transmittance
3. One dimensional propagation through thick shielding
4. Geometric integration over angles
5. Energy deposition computations

The natural radiation environment (incident flux) is altered (though
not necessarily weakened) by the shielding of Earth's magnetic field
tnd the spacecraft structure. This shielding slows or stops all
particles and fragments some particles into lichter, less ionizing,
species. There are directional aspects to each of these processes
so the calculations are done in many directions then integrated over

I all angles. The result is the particle fluxes for each charge and
energy at the electronics.

The final step in the computation is to determine the rate of energy
deposition (and hence the rate of charge deposition) in the chip.
For heavy ions such as iron (charge = 26) energy is deposited directly
by ionization loss. With protons direct ionization loss is

* insufficient to cause ucsets. They cause upsets indirectly through
recoils of silicon nuclei in elastic and inelastic collisions.

2 7 4
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2. The Natural Radiation Environment

The natural particle environment is the single greatest source of
uncertainty in estimating single event upset rates in spacecraft.
A number of factors are responsible for this uncertainty. First, the
particle environment has not been fully explored. Uncertainties in

i the environment, for example, the trapped heavy ion abundances, lead
to incomplete environmental modeling. Since trapped heavy ions are
very effective at producing upsets they may, even in small numbers,
dominate the trapped protons in causing SEUs.

A second factor is the intrinsic unpredictability of some astrophysical
crocesses. Solar energetic particle events are, at best, heralded
by light which gives us only a few minutes advanced notice. Intensity
ind heavy ion enrichment are impossible to forecast. Similarly the
Iynamics of terrestrial magnetic fields, for example magnetic storms,
lead to large uncertainties in radiation belt fluxes.

The natural radiation environment consists of (Fig. 3):

* 1. Galactic cosmic rays
2. Trapped particles
3. Solar energetic particles

Fach of thest particle groups has unique characteristics impacting
on the auestion of SEU estimation.

).-alactic cosmic rays are composed of all elements from hydrogen to
uranium. Protons and alphas are most common. Heavy ions account for
about 1% of cosmic rays. Elements heavier than nickel are extremely
rare. Compositi6n is roughly the same as in the solar system except
that some rare elements are built up by fragmentation of common
elements during passage through the interstellar medium (Fig. 4).
The mean cosmic ray energy is around 1 GeV/nucleon and the energy
scectra are hard (Fig. 5). Fecause the eneray spectrum is so hard,
material shielding does little to protect electronics from cosmic
rays. Split curves indicate the upper and lower limit of variations
with solar cycle.

Heavy ions in cosmic rays are the dominant cause of single event
ucsets. Iron deposits charge 600 times faster than protons almost
making up for its lower abundance. In addition most circuitry is not

; susceptible to the direct ionization of protons. Recoils from proton
interactions are extremely rare, hence the direct ionization of heavy
ions dominates.
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Solar flares occur at unpredictable intervals. Their intensities vary
over a wide range (following a log-normal distribution). The proton
flux from one of the most (particle) intense flares ever observed
(August, 1972) is shown in Fig. 6. Total fluxes can be many orders
of magnitude greater than cosmic ray fluxes, but the energy spectrum
is much steeper. Since there are few high energy particles shielding
is much more effective against solar flare particles.

In solar flares as well as cosmic rays it is the heavy ions which are
responsible for SEUs. Very little statistical information is available
about heavy ions in solar flares. Abundances are roughly the same
as in cosmic rays; however, some flares are substantially enriched
(up to a factor of 10) in heavy ions. Forcasts of heavy ion fluxes
in solar flares are not possible. Modeling of heavy ion fluxes is
inadequate because effort has not been focused on analyzing available
data and gathering new data. We use a variety of worst case models
to characterize fluxes.

Trapped protons are extremely abundant in the radiation belts (about
2000 nautical miles at the equator) and tail off near Earth and at
geosynchronos orbit (Fig. 7). They are so abundant that even though
it takes more than 100,000 trapped protons to do the damage of one
cosmic ray heavy ion, in many orbits trapped protons are the dominant
cause of SEUs. Even in near Earth orbit trapped particles mirroring

- at the South Atlantic anomaly may greatly increase instantaneous upset
rates. Even minute contributions of heavy ions in the trapped
radiation would substantially increase upset rates in the radiation
belts.

3. Geomagnetic Shielding

For near Earth orbits the geomagnetic field shields spacecraft from
low enermy cosmic rays and solar flare particles. Just how effective
this shielding is depends on the orbit (Fig. 8). In India the
geozragnetic cutoff occurs at rigidity 16 GV. Protons with energies
less than about 16 GeV and heavier ions with energies less than about
8 GeV cannot penetrate the field. At the magnetic poles much lower
energy particles penetrate.

The cutoff is dependent on orientation (Fig. 9). A factor of 2
difference in cutoff from east to west is not uncommon. Cosmic ray
Lon intensities are highest coming from the west. Geomagnetic
shieldinq, spacecraft shielding, Earth's shielding and chip orientation
all introduce directional dependencies into upset rate estimates.
These may offer possibilities for reducing upsets in some space
systems.

3
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4. Conclusions

A complete set of particle environment models exist. These are based
on cosmic ray and solar flare modeling done at the Naval Research
Laboratory and trapped radiation modeling done at NASA. In addition,
extensive calculations of geomagnetic shielding have been done at
AFGL. At Severn Communications Corporation we have gathered these
models together and incorporated them into our propagation and energy
deposition codes. These codes are constantly being improved upon to
give the most accurate possible estimates of SEU rates in space systems
and high altitude aircraft.

Several deficiencies exist in particle environmental models. Among
the most pressing issues are the questions of heavy ion abundances
trapped in the radiation belts and in solar flares. NRL's TRIS
experiment should improve our understanding of the trapped heavy ion
population allowing some improvement of the models. A detailed
statistical study of solar flare heavy ions would be necessary to
accurately characterize worst case models. Data on heavy ions have
been collected in several satellite experiments, but we know of no
programs to analyze this data.

Among the most pressing issues to come out of this conference was the
need for validation of SEU rate estimation procedures. Our current
e timation techniques depend on environmental models, propagation
)els, and device models which have individually been tested. The

o.erall effectiveness of these technicues has not been verified by
comparison with observed upset rates. The need for this validation
is critical. A desirable outcome of this work would be the
standardization of methods for estimating SEU rates allowing for

* meaningful incorporation into systems reliability specifications.
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Bulletin of the American Astronomical Society

v. 16, no. 2, p. 448 (1984)

04. 11

Uncertainties in Cosmic Ray Source Cmposition

J. R. Letaw (Severn Communications Corp),

R. Silberberg and C. H. Tsao (NRL, Washington, DC)

The calculation of the composition of cosmic rays at

the source regions is affected by uncertainties in

partial nuclear cross sections. About half of the

light cosmic ray nuclei and up to 90% of the heavier

nuclei fragment in interstellar gas between the

sources and the earth. Hence many of the elemental

abundances are dominated by the contribution of

secondary fragments and predictions are sensitive to

cross section errors. Henshaw and Wiedenbeck (1983

International Cosmic Ray Conference) calculated the

uncertainties in the source composition for the

respective cases of correlated and uncorrelated

errors in cross section calculations. Based on the

differences between the calculated and measured

abundances of elements that are - predominantly

secondary, we find that for elements with Z < 40, the

errors are mainly uncorrelated .. The implied

uncertainties in source abundances are also

relatively modest--much less than in the case of

correlated errors. For the ultra-heavy secondaries) (61 < Z < 75), however, the calculated production

A cross sections at 1 GeV/u (prior to adjustments based

on data of Kaufman, et al.) were too small by a

factor of two. Hence, for the ultra-heavy nuclei, the

cross section calculations, especially their energy

dependence, had a larKe correlated component.
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Bulletin of the American Physical Society

v. 29, no. 4, p. 735 (1984)

HG 13 Late Stage in Acceleration of Cosmic Rays
R. Silberberg, C.H. Tsao, E.O. Hulburt Center for
Space Research, NRL, J.R. Letaw, Severn Communications
Corp., and M.M. Shapiro, Univ. of Iowa and Univ. of
Bonn

There are several anomalies in the composition of cosmic
rays; in particular 3 or l enqjgy N, F, Al, Cr, Mn, the
e-capture isotopes Ar, V, Cr, and at higher energies
for 61 Z 75. All of these discrepancies are resolved by
assuming that cosmic ray spallation reactions occur at an
energy about 1/4 of what is observed near the solar system.
This observation is interpreted by assuming three stages in
the cosmic ray acceleration and propagation process:
(1) The principal acceleration of cosmic rays occur near
their source regions. (2) This is followed by an extensive
period of traversal of interstellar gas with nuclear
fragmentation. (3) Thereafter, the particles are further
accelerated by weaker and dissipated shock waves in the
hot, tenuous regions of the interstellar medium.
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Bulletin of the American Physical Society

v. 29, no. 4, p. 735 (1984)

HG 14 Ultraheavy Cosmic Rays and Electron Capture Decay
J.R. Letaw, Severn Communications Corporation,
R. Silberberg and C.H. Tsao, E.O. Hulburt Center for
Space Research, NRL

General results concerning electron stripping and
attachment in nuclei, and the treatment of electron
capture decay in cosmic ray propagation are presented.
We show that all galactic cosmic rays achieve their
equilibrium charge state faster than the rate of other
interaction processes. Effective decay rates for all
cosmic ray species, except possibly actinides, may then) be determined assuming each species has at most a single
attached electron. These methods are applied to the
ultraheavy cosmic rays showing the sensitivity of elemental
and isotopic abundances to density and energy.
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